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This paper identifies several unsolved questions about solar flares, which can
potentially be answered or at least clarified with mm/submm observations with
ALMA. We focus on such questions as preflare phases and the initiation of solar
flares and the efficiency of particle acceleration during flares. To investigate the
preflare phase we propose to use the extraordinary sensitivity and high spatial
resolution of ALMA, which promises to identify very early enhancements of
preflare emission with high spatial resolution and link them to the underlying
photospheric magnetic structure and chromospheric flare ribbons. In addition
to revealing the flare onsets, these preflare measurements will aid in the
investigation of particle acceleration in multiple ways. High-frequency
imaging spectroscopy data in combination with the microwave data will
permit the quantification of the high-energy cutoff in the nonthermal
electron spectra, thus helping to constrain the acceleration efficiency.
Detection and quantification of secondary relativistic positron (produced due
to nonthermal accelerated ions) contribution using the imaging polarimetry
data will help constrain acceleration efficiency of nonthermal nuclei in flares.
Detection of a "mysterious” rising spectral component with high spatial
resolution will help determine the emission mechanism responsible for this
component, and will then help in quantifying this either nonthermal or thermal
component of the flaring plasma. We discuss what ALMA observing mode(s)
would be the most suitable for addressing these objectives.
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1 Introduction

Solar flares are explosive transient phenomena, in which free magnetic energy
accumulated in the solar corona is promptly released and converted to other forms of
energy—Kkinetic, thermal, and nonthermal. This energy release manifests itself throughout
the entire electromagnetic wavelength range, from radio waves to gamma-rays. These
manifestations are highly different in the various wavelength regimes; thus, revealing
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complementary facets of the solar flare. Flare manifestations in
the radio domain are very diverse. At the meter and decimeter
wavelengths, < 1 GHz, radio emission is mainly produced by
nonthermal electrons via coherent emission mechanisms. For
example, such emissions can be produced by electron beams or
shock waves. At higher frequencies, the flaring radio emission is
dominated by the incoherent gyrosynchrotron emission
produced by nonthermal electrons spiraling in the ambient
field. Thermal
contribute, especially in the preflare and late decay phases. At

magnetic free-free emission may also
the sub-THz range, observations of flare emission are limited.
Several observed cases show that the sub-THz emission may
represent a continuation of the nonthermal gyrosynchrotron
spectrum, or show a distinct component that rises with
frequency. Some contribution from thermal free-free emission
is always present in the sub-THz range.

One chromospheric or photospheric manifestation of solar
flares are the so-called white-light flares. These are defined as
strong enhancements in the white-light continuum, associated
with highly energetic flares, although white-light flares have also
been observed during moderately energetic flares ~M5 (e.g.
Svestka, 1976; Neidig and Cliver, 1983; Machado et al., 1989).
Different mechanisms for their generation have been proposed,
ranging from particle bombardment to wave-particle
interactions. These mechanisms try to explain the sudden
heating of the chromospheric/photospheric material to
temperatures conducive to the emission in the white-light
wavelength band. How the flare energy or at least a fraction
of it is deposited in the lower atmospheric layers and converted
into heat is still a topic of active research. Some of the proposed
mechanisms are: bombardment by non-thermal electrons (e.g.
Hudson, 1972; Aboudarham and Henoux, 1986), proton/ion
bombardment Machado et al. (1978), soft X-ray and/or EUV
irradiation, dissipation of Alfven waves and chromospheric
backwarming Machado et al. (1989). The close spatial and
temporal relation between the hard X-rays observed by the
Reuven Ramaty High Energy Spectroscopic Imager (RHESSI)
spacecraft and white-light emission (e.g. Battaglia and Kontar,
2011; Martinez Oliveros et al., 2011; Martinez Oliveros et al.,
2012; Kuhar et al, 2016) suggest that non-thermal electron
responsible for the hard X-ray emission are likely responsible
for the white-light enhancements Ding (2007).

Flares have been associated with helioseismic signatures
observed in the solar photosphere and propagating in the
1998). These

helioseismic signatures, called sunquakes, are believed to be

solar interior (Kosovichev and Zharkova,
the photospheric and subphotospheric responses to flares and
the changing magnetic and chromospheric conditions prompted
by flares. Several mechanisms for their generation have been
proposed. Some of these generation mechanisms can be grouped
into the following: particle heating or bombardment (e.g.
Kosovichev and Zharkova, 1998; Lindsey and Donea, 2008;
Zharkova, 2008; Zharkov et al, 2013) and Lorentz force
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“induction” (e.g. Hudson et al., 2008; Alvarado-Gémez et al.,
2012). Tt is still not clear if there is a unique generation
mechanism or depending on chromospheric and photospheric
conditions there is one more dominant. What is clear is that there
is, in general, a spatial and temporal relation between
enhancements in HXR and WL emissions and the location
and timing of sunquakes (Buitrago-Casas et al., 2015).

In the ultraviolet (UV) range the emission is a combination of
thermal free-free continuum and spectral lines produced by various
ions in different ionization states. UV emission may form at various
heights from the chromosphere to the corona, depending on the ion.
For example, UV emission can trace flare ribbons formed due to
precipitation of the nonthermal particles accelerated in the coronal
portion of the flare to the dense and cool chromosphere. In the
extreme UV (EUV) range, the emission is dominated by the hot
corona. The EUV emission in the course of flares is mainly driven by
the plasma response to the flaring energy deposition; this could be
direct heating at or near reconnection sites, or heating due to Coulomb
loss of the flare-accelerated particles. It is important to note that the
EUV emission is dominated by spectral lines produced by ions; thus,
the spectral shapes of these lines are sensitive to the ion velocity
distributions including nonthermal broadening detected in some cases.

Next, the soft X-ray (SXR) spectral range is primarily
dominated by thermal emission of the hot flaring plasma,
hotter than the plasma producing the bulk of the EUV
emission. The SXR-emitting plasma can either be heated
directly or by the nonthermal particles accelerated in flares.
The more energetic hard X-ray (HXR) emission is dominated
by bremsstrahlung produced due to collisions of nonthermal
electrons with ambient plasma. The highest energy photons,
gamma-rays, are produced by several processes due to
electrons or ions accelerated in flares. The nonthermal
relativistic electrons (and positrons) produce a continuum
component due to bremsstrahlung, while nonthermal ions/
nuclei produce numerous gamma-ray lines and a continuum
component due to decay of pions produced in nuclear collisions.

We see that each regime of the electromagnetic spectrum
illuminates solar flares from its own perspective. Examining a
flare in a particular energy range typically clarifies some scientific
questions, but also produces new questions, which, in order to
answer, often requires data taken in another range of the
spectrum. This paper attempts to review what science
questions can be solved or at least clarified by examining
millimeter and sub-THz data obtained with high spatial,
temporal, and spectral resolution, with an emphasize on
ALMA solar capabilities.

2 Preflare phase of solar flares

Several previous studies hint at interesting physics in the
early phases of flares, yet leave important questions unanswered.
For instance, Hudson et al. (2021) find evidence using GOES/XRS

frontiersin.org


https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://doi.org/10.3389/fspas.2022.966444

Fleishman et al.

data for hot plasma emission in the soft X-ray (SXR) regime prior
to the main flare impulsive phase, suggesting a separate precursor
heating process. Battaglia et al. (2009) additionally find that flares
observed in HXRs by RHESSI sometimes show thermal
components much earlier than the nonthermal counterparts.
This finding is inconsistent with the thick-target flare model, in
which plasma is heated primarily due to energy deposition by
energetic electrons. If this result should hold, it would require
conduction or, alternatively, energetic ions, to be the primary
means of energy transfer between the corona and the
chromosphere early in the flare. However, microwave studies
(e.g., Altyntsev et al., 2012) showed that such cases may be due to
insufficient HXR sensitivity, and that there could be nonthermal
electrons very early in the flare, as one of the first signatures of a
flare in progress. There have been other detections (e.g., Asai
et al., 2006) of nonthermal emission in the pre-flare phase for
large flares using microwave and HXR observations. Some early
impulsive (“cold”) flares do not show any pre-flare phase, but do
begin with a prominent nonthermal phase (Bastian et al., 2007;
Lysenko et al., 2018). Evidence of superhot plasma arising near
the reconnection site via direct heating has also been observed in
early flare HXR measurements (Caspi and Lin, 2010; Caspi et al.,
2014) as well as in the microwave measurements (Gary and
Hurford, 1989; Fleishman et al., 2015).

Studies of EUV and UV emission show additional evidence
of activity in the early flare phases. Certain EUV and UV lines
in the chromosphere and transition region are highly
responsive to the presence of accelerated electrons and can
therefore provide an indirect, yet sensitive, measure of their
presence (e.g., Testa et al., 2020). Panos and Kleint (2020),
Panos et al. (2018), and Woods et al. (2021) provide further
examples of early flare signatures, finding that there are
distinct characteristics of the Mg II handk line features
measured by the Interface Region Imaging Spectrograph
(IRIS) during the pre-flare and impulsive phases compared
to non-flaring intervals. Other studies using Hinode/SOT
have found chromospheric indicators before the flare start
(e.g., Bamba et al., 2013).

In short, previous studies are inconclusive as to whether
the thick-target flare model holds in the early phases of flares.
The high sensitivity of ALMA can potentially answer this
question by picking out very faint signatures of plasma heating
and nonthermal electrons in early flare and pre-flare phases,
and also by identifying the location of these signatures.
Spectral  measurements an

permitting unambiguous

determination of the emission mechanism, thermal or
nonthermal, are needed. Measurements in a single ALMA
band or a combination of them could work here. The latter
requires the use of subarrays, which is not yet offered at the
time of this writing. Various ALMA bands could be helpful for
preflare studies, although the lowest frequency bands one and
two might be preferable as they provide the largest field of

view, thus, maximizing chances to catch a flare.
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3 Build up and dissipation of magnetic
energy

Flares involve the major restructuring of active region
magnetic field and are associated with the conversion of
magnetic energy into thermal, non-thermal, and kinetic
energy and high-energy electromagnetic radiation. The latter
can have a significant impact on the ionization of the Earth’s
atmosphere and thus affect communications, alter satellite
trajectories and even damage space-borne instrumentation.
However, while the arrival time and, to some extent,
geoeffectiveness of coronal mass ejections can be modeled and
predicted, giving some form of early warning of the onset of a
geomagnetic storm, this is not possible for flares (which have
emission that reaches the near Earth environment very quickly),
so that the only way to minimize their impact would be to
forecast their occurrence before they happen.

Flares occur in active regions, following a slow build-up of
magnetic energy which gets suddenly released in one or more
flare reconnection events (Benz, 2017), but the precise location of
these reconnections has not been identified. Various types of
observations have shown that reconnection could happen in
photospheric, chromospheric and coronal structures; the
intrinsically small scale of reconnection provides an additional
difficulty in directly observing it (Wang et al., 2017). Most studies
have been directed towards identifying the conditions in which
reconnection may happen, and identifying observational
signatures of the build-up of either magnetic energy or the
emergence of magnetic configurations that may lead to such
events.

Significant efforts have been devoted towards identifying
precursor signatures of flare events from ground-based and
space observations, with varying degrees of success. There are
three classes of precursors proposed (Aschwanden, 2020): 1)
those involving the presence of specific features in photospheric
magnetic structures (such as shear, penumbra type, length of
polarity inversion line, etc); 2) those involving some type of
magnetic configuration change observed in the photospheric
magnetic field (such as helicity injection, new photospheric
flux emergence and so on); and 3) direct observation of
precursor activity in UV, EUV or X-ray observations,
assumed to be related to the main flare itself (e.g. enhanced
turbulence, brightenings at many wavelengths, line broadening,
jets). More recently, machine learning techniques have also been
applied in a two pronged effort aimed at both 1) identify
precursor patterns not readily detectable in available data sets,
and 2) at utilizing such precursors to glean information about
which processes are responsible for flare triggering, and where do
they take place (Chen et al. (2019); Bobra and Tlonidis (2016) and
references therein).

The vast majority of the suggested precursors relies on some
type of photospheric magnetic field observations for two reasons.
First, flares being magnetic phenomena, it makes sense to utilize
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FIGURE 1

Maps of the magnetic field strength B (left column), and of the intensity (logso values, in erg cm=?s7'sr™%) of the Fe XVI 262.9 A line (center
column) and Fe XXIV 255.0 A line (right column) as observed 22 min before the C2.0 flare on 24 Aug 2007 (top row), during the flare (middle row), and
after the flare (bottom row). In the middle row, the magnetic field strength stronger than 250 G is superimposed as a contour plot in the Fe XVl and Fe

XXIV images during the flare.

magnetic field observations; second, both line-of-sight and vector
photospheric magnetic field observations at high resolution are
routinely  available from ground and  space-based
instrumentation. However, these observations are limited to
the photosphere, and while they can determine photospheric
field distribution, strength and structure, provide magnetic field
boundaries to theoretical models, and detect the emergence of
new flux from the solar interior, they fail to provide direct
measurements at the reconnection locations, which are located
at larger heights (e.g., Chen et al., 2020).

Magnetic field measurements in the solar corona might
provide better tools for flare forecasting, but are far more
scanty and difficult to obtain from ground-based or space-
born observatories, so that they can not constitute a viable
tool to identify precursors and build an active region
monitoring system capable of forecasting flares (Landi
et al, 2016). In fact, instruments observing in the visible
and near-infrared wavelength range can only observe the
solar corona at the limb; narrow-band EUV and X-ray
imaging instruments do not have the diagnostic capabilities
necessary to measure coronal magnetic fields, while among

available or planned EUV high-resolution spectrometers, only
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Hinode/EIS includes a Magnetically Induced Transition
(MIT) (Fe X 257.26 A), which is the only spectral line in
the EUV range capable of detecting magnetic fields in the solar
corona (Li et al. (2015); Li et al. (2016)).

However, recent work suggested that the coronal magnetic
field may indeed provide signatures that suggest the imminence
of a solar flare. In fact, a new diagnostic technique which utilizes
the Fe X MIT allows the use of EUV spectra to measure the
strength of the magnetic field in the solar corona maintaining the
arcsecond-size spatial resolution typical of high-resolution EUV
spectrometers (Si et al. (2020); Landi et al. (2020)). Such a
technique was applied by Landi et al. (2021) to a series of EIS
spectrally-resolved images taken before, during and after a
C2.0 flare. Landi et al. (2021) found that within 22 min of
flare onset the magnetic field measured with the Fe X MIT
line underwent a strong enhancement at a location which later
corresponded to the footpoints of post-flare loops; also, this
magnetic field enhancement stored enough magnetic energy to
power then entire flare, and was completely dissipated during the
flare (see Figure 1). A similar conclusion has been made for an
X8.3 limb flare with the imaging microwave spectroscopy
technique (Fleishman et al., 2020).
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The results of Landi et al. (2021) raise more questions than
they answer, due to their intrinsic limitations. They point to a
new window where magnetic field energy build-up can be
directly observed before the flare, possibly suggesting a
precursor activity that can provide at the same time an early
warning of possible flare activity, and an indication of the energy
available to the flare. However, these results need to be confirmed
with other flare observations, which however are not available
yet. Furthermore, the EIS observations used by Landi et al. (2021)
were taken with a rastering slit spectrometer, so that the field of
view was limited, not observed simultaneously, and the cadence
was slow (22 min). Also, Hinode/EIS only includes one
magnetically-sensitive spectral line (Fe X 257.26 A), which can
provide measurements of the magnetic field only in the
temperature range where the Fe X ion is formed, around
1 MK. What is really needed are measurements of the coronal
magnetic field at multiple heights (and hence temperatures)
spanning from the chromosphere to the lower corona, which
can complement both Hinode/EIS measurement of the magnetic
field at 1 MK on one side, and be associated to changes in
photospheric and coronal plasma structures routinely
observed in many wavelength ranges on the other.

Coronal magnetic field can be inferred from the microwave
imaging observations due to sensitivity of the radio emission
to the ambient magnetic field in two main radiation processes:
the free-free emission and the gyroresonance (GR) emission.
The latter may occur at the frequencies below ~40 GHz
(Anfinogentov et al., 2019) at some rare cases, but typically
at much lower frequencies. At the higher frequencies, the free-
free emission from the chromosphere dominates, whose
of LOS

component of the magnetic field. Free-free emission at

degree of polarization provides diagnostics
various frequencies is formed at various heights of the solar
chromosphere (Loukitcheva et al., 2017); thus, observing this
emission at a range of ALMA frequencies will permit
recovering the LOS B component over a corresponding
range of heights.

Combining photospheric (optical), chromospheric (ALMA),
and coronal (radio) measurements of the magnetic field, one can
build an evolving height profile of the magnetic field over these
three elements of the solar atmosphere. This will help determine
where the preflare changes of the magnetic field are the most
prominent and what dedicated observations could the optimal to
address the fundamental physics that leads to the flare and then
use this knowledge to forecast the flare. Measurements of the
magnetic field with ALMA require polarimetric observations.
The degree of polarization of the free-free emission increases
with the magnetic field, while decreases with the frequency. This
implies that observations in band one and two could be most
favorable for this study. On the other hand, probing magnetic
field in deeper chrompsphere may require higher-frequency
bands to be used.
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4 High-energy end of the accelerated
electron spectra in solar flares

Nonthermal electrons accelerated in solar flares produce

nonthermal emissions—primarily, HXR, gamma-ray, and
radio. Of particular importance are the highest energy
particles because these highest energies tell us about the
thus, the

The highest energy, relativistic

acceleration efficiency and, about involved

acceleration mechanism(s).
electrons (and positrons if present) can be detected in the
the The
diagnostic potential of the gamma-rays is somewhat limited

gamma-ray range and at radio wavelengths.
because (i) there are other competing contributions in the
gamma-ray range; (ii) only a minor subset of solar flares is
detected in the gamma-ray range above background; and (iii)
there are no gamma-ray instruments with high spatial resolution.
The radio domain is free from these limitations.

The nonthermal radio emission is dominated by the
gyrosynchrotron (GS) process, where the emission is produced
by electrons spiraling in the ambient magnetic field. The GS
emission in solar flares is characterized by a spectrum that
typically has a spectral peak at the microwave range, while
falls following roughly power-laws towards lower and higher
frequencies. Supplementary videos to (Fleishman et al., 2020)
display dependence of the GS spectrum on the key physical
parameters including the high-energy cut-off of the nonthermal
electron spectrum. This high-energy cut-off mainly affects the
high-frequency end of the GS spectrum. Sometimes, even
emission at microwave frequencies (dozens GHz or so) may
be sensitive to the high-energy cutoff value (see, e.g., Fleishman
et al,, 2016), while in other cases the high-energy end of the
nonthermal electron spectrum affects emission at higher
frequencies at the mm/sub-mm range covered by ALMA.

Microwave spectroscopy observations permit measuring
magnetic field, plasma density, and nonthermal electron
with  high
(Fleishman et al., 2020). The available diagnostics employing
the EOVSA data in 1-18 GHz range provide the number density,
the spectral index, and (in some cases) the low-energy cut-off;

properties spatial and temporal resolution

however, the high-frequency cut-off cannot reliably be
determined in most cases because of the lack of the high-
frequency observations. To estimate the high-energy end of
the spectrum, combine EOVSA
measurements in  the and ALMA
measurements in the mm or/and sub-mm range. ALMA

electron we need to

microwave range
spatial resolution in any configuration is sufficient to
complement the EOVSA one. Yet, combining data from two
different instruments represents a challenge as the maps from
those instruments have to be carefully aligned and consistent
calibrations and background subtractions performed. Once done,
the combined EOVSA-ALMA data sets will help uniquely

investigate the high-energy end of the nonthermal electron
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spectrum, which is inconceivable with any other instrument or a
combination thereof.

5 Are relativistic positrons produced
in solar flares?

It is yet unclear how the flare energy is divided between
nonthermal electrons and nuclei and also between different
nucleus species. The diagnostics of the accelerated ions at the
flare site is highly limited because of their big masses, which
makes inefficient most of the radiative processes by the ions such
as gyrosynchrotron radiation or bremsstrahlung. Some
information about the accelerated ions is available from the
deexcitation gamma-ray lines and from high-energy gamma-
ray continuum produced by decay of n° particles produced in
high-energy nuclear interactions.

Another product of the high-energy nuclear interactions is
the relativistic positrons, which are low-mass particles and so are
efficient emitters of the gyrosynchrotron radiation and
bremsstrahlung. Thus, intensity of these continuum emissions
from the positrons can be high enough to be detected in
observations. However, there is a great challenge of how to
distinguish the positron contributions from more well-known
emissions produced by the electrons accelerated in the flare.

To address this challenge we note that the fast electrons and
positrons are created differently in flares. The electrons are
somehow accelerated from the original thermal Maxwellian
distribution forming a nonthermal tail falling with energy
from a few keV to a few Mev with a reasonably steep spectral
slop. In contrast, the positrons are created as relativistic particles
at or above 1 MeV from 8* decay or at even higher energies from
" decay (Murphy et al, 2005). Some of flare-produced
radioactive nuclei experience " decay (Ramaty et al, 1979),
N — N +e* + v,, where N is the original radioactive nucleus, e.g.
"'C or 0O, N' is the final nucleus, e is the positron and v, is the
electron neutrino. The 3* decay time varies from a fraction of
second to hours depending on the nucleus. Another option is the
decay of m" particles (Dermer, 1986), n* — u* + Vys
ut —e" +v,+v, where y* is anti mu-meson. The direct
decay, n* — e" + v, is also possible but has a smaller
probability. Finally, some of excited nuclear states can relax to
the ground state via production of the electron-positron pair.
This implies that the composite electron-positron energy
spectrum is strongly dominated by the electron contribution
at low energies, say E < 1-10 MeV, but can be dominated by the
positron contribution at the higher energies. Thus, the problem is
to identify the emission produced by this high-energy positrons.

It is difficult to do using the gamma-ray continuum they
the
spectrum is indistinguishable from the electron-produced one.

generate because positron-produced  bremsstrahlung

However, the situation with the gyrosynchrotron emission is
remarkably much more promising, because this emission is
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FIGURE 2

A cartoon illustrating a distinct contribution by relativistic
positrons to GS emission. An assumed power-law energy
spectrum of nonthermal electrons (dashed blue) with a typical
spectral index of four and a schematic flat power-law energy
spectrum of positrons (dash-dotted green) are shown in the main
panel. Note that real spectra of relativistic positrons may deviate
from the power-law, but contain a bump in the 1-10 MeV range. In
this example, the total number of electrons is almost six orders of
magnitude larger than the number of positrons. The red solid
curve shows the composite spectrum dominated by electrons at
low energies and by positrons at high energies. Circular
polarization of the GS emission produced by these two
components, appropriately color-coded, and by their
composition is shown in the inset. The positron contribution
results in the polarization reversal at a high frequency shown by
red arrow. The demarcation frequency depends on the magnetic
field at the radio source and the crossing point in the energy
spectra and can vary between dozens and hundreds GHz.

circularly polarized with the senses opposite for oppositely
charged particles, electrons and positrons. Fleishman et al.
(2013) described a method of identification of the microwave
emission produced by positrons and presented a 2000-Mar-
13 flare in which the corresponding signature is detected.
Figure 2 illustrates the idea of the methodology: if a high-
energy spectrum is dominated by positrons then a proportionally
high-frequency GS emission will be dominated by the positrons,
too. This GS component has the ordinary mode circular
the
polarization produced by the electrons. The polarization of

polarization in contrast to extraordinary mode

the radio emission is a standard observable in the form of the
right-hand-side  (RCP) left-hand-site  (LCP)
polarization. The association between these observables and

or circular
the ordinary and extraordinary modes depends on the
direction of the line-of-sight (LOS) component of the
magnetic field at the source. Thus, imaging radio data
complemented by spatially resolved magnetic measurements
the
contributions to the GS emission.

are needed to distinguish electron and positron
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FIGURE 3

Microwave observations and a single-zone GS model (parameters of the model are printed in the left panel) for the 2000 March 13 event. The
broken power-law spectrum of the nonthermal electrons is taken from Gan et al. (2001) derived from analysis of the HXR spectrum. The magnetic
field value and the source dimensions are taken such as to match the low-frequency measurements. The resulting microwave spectrum (dashed
curve) underestimates the emission at high frequencies. Adding emission produced by a relativistic positron component (dotted curve) offers a
good match at all frequencies. Note that these two components are optically thin at high frequencies, so the contributions add up, while the opacity
at tlow frequencies is solely determined by the electron contribution, so the positron component has no effect on the total spectrum at the low
frequencies. The model also offers a correct sense and value of the polarization at the highest frequency, 35 GHz (see text for the details).

Fleishman et al. (2013) identified several events, where the
microwave emission at 35 GHz was likely produced by the
positrons. They described in some detail the cleanest 2000-
Mar-13
straightforward because of simple on-disk source morphology.

case, where the wave-mode identification was
Additional evidence in favor of the positron origin of the high-
frequency emission in this event comes from the quantitative
modeling of its spectrum. Figure 3 presents the observed
microwave spectrum (filled circles) at the peak flare time at
3.75-35 GHz. The dashed curve displays a model GS spectrum
produced by nonthermal electrons with a broken power-law
energy spectrum derived from spectral fit of the detected HXR
spectrum (Gan et al, 2001). Other parameters of the model
source are selected such as to match the low-frequency part of the
radio spectrum. The high-frequency emission is underestimated
by this model. To make up for this mismatch we added a
relativistic positron population with the parameters printed in
the left panel. This overall minor population is indeed capable of
bringing the full spectrum in agreement with the observed one
(note that radio emissions produced by electrons and positrons
add together at high frequencies, where the emission is optically
thin, but the spectrum is completely dominated by the electron
opacity at low frequencies, where the emission is optically thick).
The right panel of the Figure shows the measured and modeled
polarization. The modeled polarization matches the observed one
well at 35 GHz, while overestimates it at the lower frequencies.
This is likely due to nonuniformity of the real source, which is
ignored in the model.

In this example the positron contribution to the GS spectrum
seems to dominate at a relatively low frequency, 35 GHz,
although our estimates suggests that in more typical cases
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such contributions could become dominant at much higher
frequencies, ~ 100 GHz or even above. This implies that
ALMA could be an ideal instrument to detect radio emission
produced by relativistic positrons in many flares. High spatial
resolution of ALMA will permit studying spatial distribution of
the relativistic positrons over the flare volume and address a
question are they co-spatial with the nonthermal electrons
accelerated in the flare or not. The sense of polarization
needed for this analysis can be unambiguously determined
provided the LOS component of the magnetic field is
the the same ALMA
the of the thermal
background emission. A more usual optical measurements of

measured  before flare in

observations—from polarization
the photospheric magnetic field obtained from Zeeman
diagnostics can also be employed. Thus, GS emission
produced by relativistic positrons can be observed with
ALMA in the mm or sub-THz range and provide highly
useful information about flare-accelerated nuclei. Perhaps,
observations in ALMA band three is most promising here.

6 Is the raising sub-THz flare
component mysterious?

Spectrum of nonthermal gyrosynchrotron emission falls with
frequency at the mm/sub-mm range; see the example in Figure 4.
In such cases, the high-frequency source is rather compact, ~ 10"
or so. However, in some powerful flares a raising with frequency
sub-THz component has been observed (Kaufmann et al., 2001;
Liithi et al., 2004; Kaufmann et al., 2009) above 100-200 GHz.
Although no reliable estimate of the source size has been reported
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in such cases, there were speculations that the corresponding
source is too compact for the emission to be thermal.
Accordingly, several nonthermal emission mechanisms were
proposed (e.g., Krucker et al., 2013) including a number of
exotic ones. Fleishman and Kontar (2010) discussed some of
them and proposed a new one — Cherenkov emission at some
spectral windows where the dielectric permeability is above one
due to contributions of atomic or molecular transitions. Kontar
et al. (2018) noted that the sub-mm radio flux is correlated with
the area of the flare ribbons and proposed that the raising sub-
mm component could be produced by thermal emission of these
ribbons. This would imply that the sources must be rather large,
larger than the nonthermal ones. None of those mechanisms has
been generally adopted or proved for the raising sub-mm
component. The key measure of the emission to be classified
as thermal or nonthermal is its brightness temperature. ALMA
offers observations with high spatial resolution sufficient for the
source to be spatially resolved and, thus, brightness temperature
to be unambiguously measured. Therefore, performing ALMA
observations of the flaring emission with high spatial resolution is
the key in specifying the responsible emission mechanism(s). If
the emission proved thermal, ALMA will provide a valuable
the
bombardment by the precipitating nonthermal particles

information about chromosphere response on its

accelerated in flares. If proved nonthermal, say Cherenkov
the ALMA diagnostics
diagnostics of the dielectric permeability and, thus, on the

emission, will offer a unique
chemical composition of the chromosphere. Yet, no spatially
resolved observations of the raising sub-mm component is
available. Given that this raising sub-THz component has

been reported between 100 and 400 GHz, ALMA bands three
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to seven would be the most appropriate to study this
“mysterious” component.

7 Conclusion

We conclude that observing solar flares with ALMA can
advance our understanding of the flare physics. We described
several science questions, where we expect either incremental
of breakthrough progress with the appropriately set up ALMA
observations. We expect, however, that most impressive
discoveries will made in areas, which we do not currently
foresee.
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